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ABSTRACT This paper presents several adaptive mechanisms to dynamically update the wireless personal
area networks (WPANs) parameters that are essential in wearable devices, especially in healthcare environments. Instead of collision detection and recovery, collision prevention is achieved using the proposed
algorithms to guarantee a collision-free environment. We present a binary integer programming model for the
optimal solution. To avoid the increased complexity, we introduce six suboptimal algorithms. The presented
algorithms try to minimize network disruption by updating the parameters of a minimal number of the
WPANs. The simulation results show how the algorithms trade off minimal disruption and time complexity.
INDEX TERMS Dynamic adaptation, collision prevention, WPAN, eHealth.
I. INTRODUCTION

With the advent of the Internet of Things (IoT) and the
advances in eHealth services, it is possible to provide
enhanced health services to the population in general and the
elderly in particular. There has been extensive research on
providing eHealth services through the provision of architectures that support the monitoring of the patient’s behavior and
vital signs [1]–[3]. In general, the sensors on and around the
patient are under the control of a local gateway that performs
initial data processing before communicating with the remote
server. In this context, IoT plays an essential role in allowing
the eHealth system to receive more information about the
patient environment and activities.
Wireless personal area networks (WPANs) are essential to wearable devices, especially in healthcare environments [4]–[6]. It is crucial to support the coexistence and
mobility of these networks as transmission collisions for
close-range WPANs may cause loss or delay of transmitted critical medical data, and degraded performance. This
situation can happen for example when two or more IEEE
802.15.4 WPANs monitored patients get in close range to
each other. In [7], [8] the authors presented a theoretical
study of the necessary and sufficient conditions under which
the collisions can happen. Such an analysis helps to understand the necessary and sufficient conditions to stop WPANs
collisions from happening instead of counting on detection
and recovery. If the specified conditions are satisfied, there
is a guarantee that it is possible to schedule the WPANs
The associate editor coordinating the review of this manuscript and
approving it for publication was Amjad Gawanmeh.
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without collisions. However, the papers do not specify what
to do in case the conditions are not satisfied. Specifically,
given a set of WPANs where the required conditions are not
satisfied, is it possible to adapt their parameters so that the
conditions are satisfied?
This paper addresses this issue by providing adaptive
mechanisms to dynamically update the WPANs parameters
so that the conditions are satisfied, and hence, the WPANs can
be scheduled without collisions. The gateway responsible for
the patient’s premises performs the adaptation mechanism.
The paper is organized as follows. Section II presents
the system model used in this work. Section III describes
the principles of dynamic adaptation for collision prevention, while Section IV presents the binary integer programming model introduced in this paper. Sections V and VI
describe the proposed adaptation schemes, and Section VII
presents the performance evaluation. Finally, Section VIII
concludes the paper.
II. SYSTEM MODEL

This work considers an environment where several WPANs
exist. Each WPAN consists of a coordinator node and several
sensor nodes. The sensor nodes are within the communication range of the coordinator that handles all sensor-tosensor communications. For the operations of each WPAN,
we choose the beacon-enabled mode of IEEE 802.15.4 MAC
protocol [9]. At the beginning of each periodic beacon interval (BI), the coordinator transmits synchronization beacons.
The active part of each BI, during which data can be transmitted, is called superframe duration (SD). Throughout the
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inactive part of BI, the nodes can go to sleep to reduce energy
consumption [10]. The coordinator controls BI and SD by
setting the beacon order (BO) and superframe order (SO) as
follows:
BI = BaseSD × 2BO ,
SD = BaseSD × 2SO ,
with
0 ≤ SO ≤ BO ≤ 14.

(1)

and BaseSD = 15.36 ms at 2.4 GHz with 250 kbps bandwidth.

FIGURE 2. A collision happens when the data transmitting periods of two
coordinators coincide.

III. DYNAMIC ADAPTATION FOR COLLISION
PREVENTION OF NEIGHBORING WPANs

According to [8], the necessary and sufficient conditions to
prevent collisions among N adjacent WPANs are
∀i, j 1 ≤ i < j ≤ N

j
X

ak ≤ bi ↑ bj

(2)

k=i

FIGURE 1. Overall architecture.

The coordinator is also in contact with the gateway to
report on the status of the WPAN and to receive update
requests of the WPAN parameters BI and SD. Figure 1 depicts
the considered architecture where a gateway in a patient’s
home or a hospital is responsible for several WPANs under
its control. The gateway receives status information from
the different WPANs coordinators and sends configurations
updates to the WPANs if needed.
In healthcare monitoring systems, sensors on the person’s
body are much closer to the coordinator relative to the range
separating two patients. In this context, each coordinator
will designate its WPAN. As depicted in Fig. 2, a collision
happens when two coordinators are close to each other and
part of their data transmitting periods coincide. The active
and inactive period durations are assumed to be different for
distinct WPANs as different patients may have diverse communication needs, and hence, their WPANs can be configured
differently.
The traffic generated by WPANs in healthcare systems is
typically periodic. The number of sensors and the frequency
of sensing the patient’s physiological parameters determine
the amount of data generated by a WPAN. Hence, there is a
known amount of data for the WPAN to send in every frame.
To simplify the notation, we use the following: bi , BIi , and
ai , SDi .
VOLUME 7, 2019

where b1 ↑ b2 , gcd(b1 , b2 ) is the greatest common divisor
of b1 and b2 .
The conditions (2) present the collision-prevention requirements to verify if it is possible to schedule the N WPANs
without collisions. This is a significant result as it presents
the necessary and sufficient conditions for designing efficient
collision-prevention schemes. Most existing approaches tend
to be short-term attempts for recovering from a collision and
do not solve the collision problem once and for all [8].
Let us assume that several WPANs meet. Two situations
are possible. If conditions (2) are satisfied, in this case, a specific algorithm can be used to schedule the WPANs without
collision. If the conditions are not satisfied, we need to adapt
the WPANs parameters to make the conditions satisfied.
This change should follow specific preferred properties; for
example, it should minimize the number of needed changes,
i.e., the adaptation process should affect the minimum number of WPANs. In this context, we propose to update the
parameters of a WPAN Wi (ai , bi ) while keeping the same
active time ratio, i.e., the new parameters Wi (a0i , b0i ) should
be such that
a0i
ai
= .
(3)
0
bi
bi
Condition (3) is required to keep the same overall throughput
of the WPAN.
This optimization problem can be defined as follows:
Given N WPANs Wi (ai , bi ), i ∈ {1, 2, · · · , N } where conditions (2) are not satisfied, find N new configurations
Wi (a0i , b0i ) to satisfy conditions (2) while maintaining the
86731
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a0

same active time ratios, i.e., ∀i bi0 = abii and keeping as
i
many unchanged WPANs as possible. Formally, this can be
written as

max i, a0i = ai

j


∀i, j 1 ≤ i < j ≤ N X a0 ≤ b0 ↑ b0
k
i
j
subject to
(4)
k=i


∀i a0 /b0 = a /b
i i
i i
where |X | denotes the cardinality of the set X .
We now try to devise a scheme to do this dynamically.
We argue that it is always possible to update the WPANs
parameters to satisfy (2) as long as the WPANs total of the
active time ratios is less than or equal to 1
N
X
ai
i=1

bi

≤ 1.

(5)

If condition (5) is not satisfied, then it is not possible
to schedule the WPANs without collisions. Formally this is
stated as:
∀i, j 1 ≤ i < j ≤ N

j
X
k=i

ak ≤ bi ↑ bj H⇒

N
X
ai
i=1

bi

≤ 1.
(6)

For example, assume there are three WPANs each sending
P3 data half of the time, i.e., ai /bi = 0.5, in this case,
i=1 ai /bi = 1.5, then there is no way to schedule these
WPANs without a collision as their active periods must overlap. The formal proof of (6) is presented in Appendix A.
As the beacon intervals are powers of two,1 we have the
following Lemma 1.
Lemma 1: Given that the beacon intervals are powers of 2,
we have

∀i, j bi ↑ bj = min bi , bj
(7)
IV. BINARY INTEGER PROGRAMMING MODEL

To the best of the authors’ knowledge, there is no known
efficient algorithm to find the optimal solution of (4) that can
be used. However, the optimal WPAN adaptation may lead
to significant reduction in WPAN disruptions, and it is crucial for comparison with other suboptimal WPAN adaptation
techniques. Towards this end, we formulate the optimization
problem as a binary integer programming (BIP) problem, for
which the solution can be obtained using reasonable computational resources.
The general form of a BIP problem can be formulated as
(
α1 x ≤ β1
max cx subject to
(8)
x
α2 x = β2
where N is the number of considered WPANs, α1 is a matrix
of size N 2 × 9N containing the coefficients of the inequality
1 Without loss of generality, in this work we assume that BaseSD is equal
to one.
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constraints, β1 is an N 2 vector that fulfills the inequality
constraints, α2 is a matrix of size N × 9N containing the
coefficients of the equality constraints, β2 is an N vector that
fulfills the equality constraints, the objective function row
vector c = [c1 , c2 , · · · , cN ] represents the utility function,
the row vector ci = [ai,1 , ai,2 , · · · , ai,9 ] denotes the index
of the initial active period of WPAN i, 9 is the number of
possible active periods as per (1) i.e., 9 = 15, for example,
if ai,ψ = 1, the initial active period of WPAN i is 2ψ−1 ,
and ∀k 6 = ψ ai,k = 0, the vector x = [x1 , x2 , · · · , xN ]T
represents the integer decision variables such that xi =
[xi,1 , xi,2 , · · · , xi,9 ], and xi,ψ ∈ {0, 1}, ∀ψ = 1, 2, · · · , 9.
For example, if xi,ψ = 1, the new active period of WPAN i is
a0i = 2ψ−1 . The optimal solution finds x that maximizes the
objective function and satisfies the constraints. The objective
is to keep as many WPANs unchanged as possible.
The linear inequality constraint, α1 x ≤ β1 , consists
of two parts. The first part enforces the constraints in (2),
while the second part ensures that the beacon intervals never
exceed 214 .
Note that since b0i are powers of two, b0i ↑ b0j = min(b0i , b0j ),
hence the constraints in (2) can be written as
Xj

a0k ≤ b0i
∀i, j 1 ≤ i < j ≤ N Xjk=i
(9)

a0 ≤ b0
k=i k

which, since

a0i /b0i

j

= ai /bi , can be written as

∀i, j 1 ≤ i < j ≤ N

a0i (1 −

j
X
bi
)+
a0k ≤ 0
ai

(10)

k=i+1

and
∀i, j 1 ≤ i < j ≤ N

j−1
X

a0k + a0j (1 −

k=i

bj
)≤0
aj

(11)

Denote 1T = [1, 1, · · · , 1] and 0T = [0, 0, · · · , 0] as
| {z }
| {z }
9

9

row vectors of ones and zeros, respectively, of length equal
to the number of possible active periods. By denoting Pi,ψ
as the active period of WPAN i using active period index ψ
(i.e., Pi,ψ = 2ψ−1 ), the first part of the linear inequality constraint can be expressed as (N − 1)N /2 inequalities resulting
from (10) of the form
[0T , · · · , 0T , a0 i , a0 i+1 , · · · , a0 j , 0T , · · · , 0T ]x ≤ 0
| {z }
| {z }

(12)

N −j

i−1

where
a0 i = [Pi,1 (1 −

bi
bi
bi
), Pi,2 (1 − ), · · · , Pi,9 (1 − )]
ai
ai
ai

and
a0 k = [Pk,1 , Pk,2 , · · · , Pk,9 ]
for i < k ≤ j, and (N − 1)N /2 inequalities resulting from
(11) of the form
[0T , · · · , 0T , a0 i , a0 i+1 , · · · , a0 j , 0T , · · · , 0T ]x ≤ 0
| {z }
| {z }
i−1

(13)

N −j
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where

j
X

⇐⇒ ∀i, j 1 ≤ i < j ≤ N

a0 k = [Pk,1 , Pk,2 , · · · , Pk,9 ]
for i ≤ k < j, and

k=i
j
X

⇐⇒ ∀i, j 1 ≤ i < j ≤ N

bj
bj
bj
a j = [Pj,1 (1 − ), Pj,2 (1 − ), · · · , Pj,9 (1 − )].
aj
aj
aj

k=i
j
X

0

The second part of the inequality insures that ∀i
These constraints can be expressed as

b0i

α10 x ≤ [214 , 214 , · · · , 214 ]T
|
{z
}

≤

214 .

0T
0T
..
.
0T
a0N T



α2 x = [1, 1, · · · , 1]T
| {z }

(15)

0T
0T
..
.






.

T
0 
1T

xi,ψ = 1,

which ensures that each WPAN is assigned one active period.
V. SAME BEACON INTERVAL APPROACHES

Finding the optimal parameters update is very complex and
time consuming, hence, in this section, we propose three
heuristics trying to find a common beacon interval for all the
WPANs while satisfying (2). Indeed, if all the WPANs have
the same beacon interval we have ∀i, j bi ↑ bj = bi = bj , and
conditions (2) can be simplified as follows:

k=i
VOLUME 7, 2019

bk

≤1

(20)

ak ≤ bi ↑ bj

a0i
ai
=
0
bi
bi

(21)
j
X

a0k ≤ b0i ↑ b0j

(22)

If a condition from (22) is not satisfied,
we need to increase

the value of bi ↑ bj = min bi , bj . Without loss of generality, let us assume that the minimum is bi . We can multiply
both ai and bi by two which will maintain the value of the
ratio ai /bi . We can continue like that until the conditions
are satisfied. This technique is formally introduced later in
Section VI, A less complex approach that we are proposing
here is to increase the value of the parameters bi until they
are all equal to the least common multiple of the initial
values of bi . The values of ai will be updated accordingly
to maintain the ratios ai /bi . Since all the bi are powers of 2,
the least common multiple of all the bi is the maximum value,
i.e., lcm (b1 , b2 , . . . , bN ) = maxi (bi ). Algorithm 1 describes
the proposed LCM approach.
The time complexity of Step 1 of Algorithm 1 is O(N 2 ).
Steps 2, 3, 4, and 5 have a time complexity of O(N ), hence,
the overall time complexity of the LCM algorithm is O(N 2 ).
B. REDUCED BEACON INTERVAL ( RBI) APPROACH

ψ=1

j
X

(19)

k=i

Equation (15) maintains that

∀i, j 1 ≤ i < j ≤ N

k=1

∀i, j 1 ≤ i < j ≤ N

N

9
X

ak
≤1
bk

N
X
ak

⇐⇒

∀i

The linear equality constraint, α2 x = β2 , ensures that
exactly one active period is assigned for each WPAN. This
can be expressed as

∀i = 1, 2, · · · , N

(18)

A. LEAST COMMON MULTIPLE ( LCM) APPROACH

bm
bm
bm
= [Pm,1 , Pm,2 , · · · , Pm,9 ].
am
am
am

where α2 is a matrix of size N × 9N
 T
1
0T · · · 0T
T
0
1T · · · 0T


..
..
..
α2 =  ...
.
.
.

 0T 0T · · · 1T
0T 0T · · · 0T

ak
≤1
bi

Given N ≥ 2 WPANs Wi (ai , bi ) where 1 ≤ i ≤ N , find
(a0i , b0i ) such that (2) and (3) are satisfied:




.




where a0m is defined as
a0 m

(17)

Therefore, in the case where all WPANs have the same
beacon interval, (2) reduces to (5).

α10

is a matrix of size N × 9N
 T
a01
0T
···
0T
 0T
T
0
a2
···
0T

 .
.
..
0
.
..
..
α1 = 
.
 ..
 T
0
0T
· · · a0N−1 T
0T
0T
···
0T

k=i

(14)

N

where

⇐⇒ ∀i, j 1 ≤ i < j ≤ N

ak ≤ bi

(16)

In this approach, we try to choose the minimum required
beacon interval to accommodate the active periods of all the
WPANs. This can be easily computed as the smallest power
of 2 bigger than the sum of all ai
targetBI = 2dlog2 (

P

i ai

)e

(23)

where dxe is the nearest integer greater than or equal to x.
If the beacon interval bi of a WPAN is smaller than the
target beacon interval, i.e., bi < targetBI , we can increase the
beacon interval bi to the target beacon interval and update ai
accordingly while maintaining the active time ratio. However,
if the beacon interval bi of a WPAN is bigger than the target
beacon interval, i.e., bi > targetBI , we cannot simply reduce
86733
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Algorithm 1 LCM Approach
Input: N ≥ 2 WPANs Wi (ai , bi ) where 1 ≤ i ≤ N .
Output: SolutionFound (True/False), and updated parameters
for the WPANs Wi (a0i , b0i ) if SolutionFound==True.
1) If
conditions
(2)
are
satisfied,
then
SolutionFound=True and ∀i a0i = ai , b0i = bi ,
go to Step 7.
2) Compute the active time ratio for all WPANs:
∀i activei = baii .
3) If the total active time of all WPANs is bigger than one,
then
Pthere is no possible solution.
If i activei > 1, SolutionFound=False, go to Step 7.
4) Compute the target beacon interval:
targetBI = maxi (bi ) .
5) Update the WPANs parameters,
∀i b0i = targetBI , a0i = activei × b0i .
6) SolutionFound=True.
7) END.
Algorithm 2 RBI Approach
Input: N ≥ 2 WPANs Wi (ai , bi ) where 1 ≤ i ≤ N .
Output: SolutionFound (True/False), and updated parameters
for the WPANs Wi (a0i , b0i ) if SolutionFound==True.
1) If
conditions
(2)
are
satisfied,
then
SolutionFound=True and ∀i a0i = ai , b0i = bi ,
go to Step 10.
2) Compute the active time ratio for all WPANs:
∀i activei = baii .
3) If the total active time of all WPANs isP
bigger than one,
then there is no possible solution. If i activei > 1,
SolutionFound=False, go to Step 10.
4) Compute initial target
P beacon interval:
initialTBI = 2dlog2 ( i ai )e .
5) Find the values of bj bigger than the target beacon
interval.
 
b
6) alternativeTBI = maxj ajj .
7) Set the target beacon interval:
targetBI = max (initialTBI , alternativeTBI ) .
8) Update the WPANs parameters,
∀i b0i = targetBI , a0i = activei × b0i .
9) SolutionFound=True.
10) END.

bi as it may not be possible to reduce ai as well while
maintaining the active time ratio. For example assume the
WPAN parameters are (ai = 4, bi = 1024) and assume that
the target beacon interval is 128, then it is not possible in this
case to change bi to 128 and keep the same active time ratio
as ai cannot be smaller than 1. The targete beacon interval
in this case should be at least 1024/4 = 256. So the target
beacon interval value has to be chosen to accommodate for
such cases. Algorithm 2 presents the proposed RBI approach.

86734

The time complexity of Step 1 of Algorithm 2 is O(N 2 ).
The other steps have a time complexity of O(N ), hence,
the overall time complexity of the RBI algorithm is O(N 2 ).
C. MINIMUM RATIO ( MR) APPROACH

In this approach, we try to choose the required beacon interval to accommodate the active periods of all the WPANs.
This can be achieved by computing the smallest ratio for
all ai /bi and then selecting the minimum bi as the targetBI .
We modify the values ai according to the new value of
targetBI . If the beacon interval bi of a WPAN is smaller
than the target beacon interval i.e., bi < targetBI , we can
increase the beacon interval bi to the target beacon interval
and update ai accordingly while maintaining the active time
ratio. Additionally, if the beacon interval bi of a WPAN is
greater than the target beacon interval i.e., bi > targetBI ,
we can still reduce bi and ai accordingly as we know that
we selected the WPAN with the minimum ratio ai /bi and the
smallest bi value to be the targetBI . To clarify this issue, let
us assume that bi > targetBI . We have two scenarios: the
first one is where the two WPANs have the same smallest
ratio. Let a be the super frame duration of the WPAN with
targetBI . As bi > targetBI , then ai > a, hence, ai can still
be reduced. In the second scenario, we know that ai /bi >
a/targetBI > a/bi . We conclude that a > ai and hence,
ai can still be reduced. Algorithm 3 presents the proposed MR
approach.
Algorithm 3 MR Approach
Input: N ≥ 2 WPANs Wi (ai , bi ) where 1 ≤ i ≤ N .
Output: SolutionFound (True/False), and updated parameters
for the WPANs Wi (a0i , b0i ) if SolutionFound==True.
1) If
conditions
(2)
are
satisfied,
then
SolutionFound=True and ∀i a0i = ai , b0i = bi ,
go to Step 8.
2) Compute the active time ratio for all WPANs:
∀i activei = abii .
3) If the total active time of all WPANs isP
bigger than one,
then there is no possible solution. If i activei > 1,
SolutionFound=False, go to Step 8.
4) Compute the smallest ratio for all ai /bi .
minActiveRatio = min{activei |i ∈ {1, 2, · · · N }}
5) From the WPANs with the smallest active ratio select
the minimum bi as the target beacon interval.
targetBI = min{bj |aj /bj == minActiveRatio}
6) Update the WPANs parameters,
∀i b0i = targetBI , a0i = activei × b0i .
7) SolutionFound=True.
8) END.
The time complexity of Step 1 of Algorithm 3 is O(N 2 ).
The other steps have a time complexity of O(N ), hence, the
overall time complexity of the MR algorithm is O(N 2 ).
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VI. DIFFERENT BEACON INTERVALS APPROACHES

In this section, we propose three different schemes that do
not require the new WPAN configurations to have the same
beacon interval.
A. INCREASING THE MINIMUM BEACON
INTERVAL ( MinB) APPROACH

The idea behind this approach
is that according to Lemma 1,

bi ↑ bj = min bi , bj . So if a condition from (2) is not

satisfied, we may need to increase the value of min bi , bj .
The approach chooses the minimum beacon interval and
increases it. Let us assume that the minimum is bi . We can
multiply both ai and bi by 2 which will maintain the value
of the ratio ai /bi . We check the conditions (2), and if they are
not satisfied, we choose the minimum beacon interval and we
double it. We can continue like that until the conditions are
satisfied. Algorithm 4 describes the proposed MinB approach.
Algorithm 4 MinB Approach
Input: N ≥ 2 WPANs Wi (ai , bi ) where 1 ≤ i ≤ N .
Output: SolutionFound (True/False), and updated parameters
for the WPANs Wi (a0i , b0i ) if SolutionFound==True.
1) If
conditions
(2)
are
satisfied,
then
SolutionFound=True and ∀i a0i = ai , b0i = bi ,
go to Step 8.
2) Compute the active time ratio for all WPANs:
∀i activei = baii .
3) If the total active time of all WPANs is bigger than one,
then
Pthere is no possible solution.
If i activei > 1, SolutionFound=False, go to Step 8.
4) ∀i a0i = ai , b0i = bi
5) Select the WPAN with the minimum beacon interval:
MinB = mini b0i .
6) Update the WPAN parameters by multiplying both a0i
and b0i by two as follows: a0i = a0i ∗ 2, b0i = b0i ∗ 2,
7) If
conditions
(2)
are
satisfied,
then
SolutionFound=True and go to Step 8. Otherwise,
go to Step 5.
8) END.
The time complexity of Step 1 of Algorithm 4 is O(N 2 ).
Steps 2, 3, 4, and 5 have a time complexity of O(N ). Step 6 has
a complexity of O(1) and Step 7 has a complexity of O(N 2 ).
The algorithm can loop to Step 5 if (2) are not satisfied which
in the worst case can exceed N times. Hence, the overall time
complexity of the MinB algorithm is O(N 3 ).
B. DEPTH FIRST SEARCH ( DFS) APPROACH

In this approach, we use the depth first search approach.
We scan the space of possibilities until we find the first combination that satisfies (2) and the algorithm stops. In this algorithm we define the set of candidates of a certain Wi (ai , bi ) as
all the WPANs that have the same active time ratio.


aj
ai
candidates(Wi (ai , bi )) = Wj (aj , bj )| =
(24)
bj
bi
VOLUME 7, 2019

As we are adding the WPANs, we check if conditions (2) are
not satisfied. In this case, the candidates of the WPAN will
be considered. In this scenario, we consider a random order
of these candidates except for the first one being the WPAN
with the initial parameters. This is because we try to keep as
many WPANs with their initial parameters as possible. One
by one, these candidates will be checked until the conditions
are satisfied. If not, the same scenario will be applied to
the WPAN that has been added just before the WPAN in
question. We can continue like that until a solution is found.
Algorithm 5 describes the proposed DFS approach with the
set of candidates defined as in (24).
Algorithm 5 DFS Approach
Input: N ≥ 2 WPANs Wi (ai , bi ) where 1 ≤ i ≤ N .
Output: SolutionFound (True/False), and updated parameters
for the WPANs Wi (a0i , b0i ) if SolutionFound==True.
1) If
conditions
(2)
are
satisfied,
then
SolutionFound=True and ∀i a0i = ai , b0i = bi ,
go to Step 7.
2) Compute the active time ratio for all WPANs:
∀i activei = abii .
3) If the total active time of all WPANs isP
bigger than one,
then there is no possible solution. If i activei > 1,
SolutionFound=False, go to Step 7.
4) Consider the tree G where the root of the tree is a
node with children nodes being the set of candidates
of W1 (a1 , b1 ), and where each node at depth l has
as children the set of candidates of Wl+1 (al+1 , bl+1 ).
Since there are N WPANs, the depth of the tree G is N .
5) Using depth first search find the first leaf node that
satisfies conditions (2).
6) The new parameters of the WPANs are the one on the
path from the root of G to the leaf node where the
algorithm stops.
7) END.
In general, the time complexity of a DFS algorithm
is O(BD ), where B is the average branching factor, and D is the
maximum depth of the search tree. In our case, the maximum
depth of the search tree is N , and B the average branching factor can be computed from the average cardinality of
the candidates set as defined in (24). Additionally, At each
step, DFS has to check conditions (2). Hence, the overall
time complexity of the DFS algorithm is O(N 2 BN ). Note
that unlike the previous algorithms that have a polynomial
time complexity, the DFS algorithm has an exponential time
complexity.
C. TRUNCATED DEPTH FIRST SEARCH ( TDFS) APPROACH

This approach is a modified version of the DFS approach
where in the list of candidates we consider only those WPANs
that have bigger values of bj , i.e., bj ≥ bi .


aj
ai
candidates(Wi (ai , bi )) = Wj (aj , bj )| =
and bj ≥ bi
bj
bi
(25)
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Algorithm 5 can also be used for this approach while letting
the set of candidates being defined as in (25). The motivation
is to reduce the search space and hopefully reduce the time
complexity of the algorithm.
Similarly to the complexity analysis of DFS, the overall
time complexity of the TDFS algorithm is O(N 2 BN ), where
B is the average branching factor that can be computed from
the average cardinality of the candidates set as defined in (25).
The complexity of the proposed algorithms is presented
in Table 1.
TABLE 1. Time complexity of the proposed algorithms.

VII. PERFORMANCE EVALUATION

This section presents the performance of LCM, RBI, MR,
MinB, DFS, TDFS, and optimal algorithms concerning the
average number of changes performed. The number of
changes is the number of requests sent to the WPANs to
update their parameters. The goal is to minimize the number
of WPANs changes and hence, reducing the required overhead and disruption to avoid collisions.
Using Monte Carlo simulations, we compute the average
number of changes while varying the number of considered
WPANs from 2 to 30. To assess the performance of the
proposed algorithms to adapt the WPANs parameters dynamically, we consider only the cases where the initial WPANs
do not satisfy (2) and where (5) is satisfied. In other words,
we ignore the hopeless cases and the cases where conditions
(2) are already satisfied.
Two scenarios are of interest. In the first scenario, named
simultaneous scenario, all WPANs are added simultaneously
at the same time and, the algorithms are asked to update
the WPANs parameters to avoid collisions. In the second
scenario, named one-by-one scenario, the WPANs are added
one by one in the order of their indices. Each time a WPAN
is added, the algorithms are asked to update the parameters of existing WPANs to avoid collisions. When all the
WPANs are added the total number of changes is recorded.
For every scenario, algorithm, and number of considered
WPANs, 10000 cases are randomly selected and, the average results are presented. The results of the optimal algorithm were obtained using the BIP formulation presented in
Section IV and using the intlinprog optimization package of
MATLAB.
Figure 3 presents the performance of LCM, RBI, MR,
MinB, DFS, TDFS, and optimal algorithms in the simultaneous scenario. The figure shows the results in terms of
the percentage of the average number of required changes.
For example, a percentage of 50% indicates that the algorithm asks on average 50% of the WPANs to update their
parameters.
Note that in the simultaneous scenario, the maximum percentage of changes cannot exceed 100% when all WPANs are
requested to update their parameters.
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FIGURE 3. Simultaneous scenario.

In the simultaneous scenario, three trends of performance
results emerge:
• The best performance result is obviously achieved by the
optimal scheme. As the number of considered WPANs
increases, there is an increase in the average number of
WPANs changes. The optimal WPAN adaptation leads
to the minimum WPANs disruption. However, in a reallife environment, this can be difficult to implement as it
is complex and time-consuming.
• The following schemes achieve the worst performance:
LCM, RBI and MR. This can be explained by the fact
that these schemes are looking to find a common beacon
interval to accommodate a large number of WPANs
and therefore, more WPANs are requested to change
their parameters to prevent collisions. For a small number of WPANs, both LCM and MR algorithms outperform RBI. As the number of WPANs increases, MR
scheme achieves slightly better performance compared
to LCM and RBI. The advantage of these schemes is their
simplicity as they provide a quick and easy solution to
prevent WPAN collisions.
• The average performance is achieved by the following schemes: MinB, DFS, and TDFS. Both DFS and
TDFS algorithms are exploring a large set of possibilities to find a configuration that will accommodate
all the WPANs. In the MinB scheme, the minimum
beacon interval is selected and increased until conditions (2) are satisfied. This will affect only a portion
of the WPANs and not all of them as opposed to LCM,
RBI and MR. As the number of the considered WPANs
increases, the DFS algorithm performs better than MinB,
and TDFS schemes. The problem with these approaches
is their time complexity, especially for the DFS-based
schemes, as in the worst case, all the possibilities have
to be tested. Note that because of this, the points for
the cases above 20 WPANs for DFS and TDFS are
VOLUME 7, 2019
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TABLE 2. Average time complexity (in s) of the proposed algorithms for different values of N.

FIGURE 4. One-by-one scenario.

the average of 1000 cases only as the simulations were
taking a long time per additional case.
Figure 4 presents the results of the algorithms for the oneby-one scenario. Note that in this scenario, the maximum
percentage of changes can exceed 100% as the WPANs can
be asked more than once to update their parameters each time
a new WPAN is added.
In the one-by-one scenario, the LCM, RBI, MinB, MR,
DFS, and TDFS algorithms are simulated. In this scenario,
the optimal algorithm is more difficult to model, hence, it was
not considered. The performance results identify two main
regions:
• When the number of considered WPANs is less than 15:
in this case, DFS achieves the best performance while
RBI achieves the worst performance. DFS scans all
the possibilities until a collision-free configuration is
reached. As the WPANs are added one by one, in each
iteration, all the possibilities are scanned again, which
will yield to an increase in the average number of
WPANs changes. The RBI scheme achieves the worst
performance as it is based on the smallest power of 2
bigger than the sum of all ai , and this value keeps changing for every added WPAN. Hence, the average number of WPAN is constantly increasing as more WPANs
need to update their parameters to prevent collisions.
This will incur additional overhead and disruption in
the WPANs-based services. All other schemes exhibit
similar behavior.
• When the number of added WPAN is more than 15:
the worst performance is achieved by MinB. As there
is no need to have the same beacon interval in this
algorithm, the minimum beacon interval is chosen and
VOLUME 7, 2019

increased until collision-free is realized for each added
WPAN. As a result, the average number of WPANs
changes increases significantly reaching 160%. While
the remaining schemes MR, DFS, and TDFS behave
similarly, the best performance is realized by LCM. This
outstanding performance of LCM can be justified by
the fact that in the one-by-one scenario existing WPANs
need to update their parameters only when the new
added WPAN has a bi value bigger than all the bj of existing WPANs. The probability of this event happening is
reduced with every added WPAN. Hence, LCM yields
a significant decrease in the needed number of WPAN
updates.
Table 2 shows the average time complexity of the algorithms computed using the tic and toc MATLAB commands. The numbers refer to the average number of seconds
needed to execute an instance of each algorithm. The table
confirms the impact of the theoretical complexity on the
time needed by each algorithm. As the number of considered
WPANs increases so does the time needed to find the required
parameters to prevent collisions. DFS and TDFS have the
highest time requirements among the proposed algorithms,
and their time requirements become very quickly unpractical
for our target eHealth environment where the gateway has to
update the WPANs parameters almost instantly.
The selection of a specific algorithm among the proposed
ones should be based on different factors including, but not
limited to, the considered scenario, i.e., simultaneous or oneby-one, the number of considered WPANs, the nature of
the services provided by WPANs (e.g., sensitivity to disturbance), computational resources, and time constraints. For
example, in the simultaneous case, MinB can be used as
it provides the lowest disturbance among the less complex
schemes, i.e., LCM, RBI, and MR. In the one-by-one scenario,
a very good approach is to use MinB when the number of considered WPANs N ≤ 10, as for a small number of WPANs,
MinB provides lower disturbance. LCM can be used when
N ≥ 11 as it leads very quickly to the lowest disturbance
with very low complexity.
VIII. CONCLUSION

In this paper, we present the problem of adapting the WPANs
parameters dynamically to allow collision-free communications in eHealth environments. We formulate the optimization
problem as a binary integer programming problem. To avoid
the complexity of the optimal solution, we present six suboptimal mechanisms. Simulations results present the performance of the proposed algorithms in two specific scenarios:
when the WPANs arrive simultaneously, and when they arrive
one by one. The proposed schemes trade off disruption reduction and time complexity. In general, the proposed prevention
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FIGURE 5. Two example scenarios of scheduling.

mechanisms provide a better solution, as collision prevention
is accomplished rather than detection and recovery.
APPENDIX A
PROOF OF (6)

Proof: We are going to prove (6) by contradiction. Let
there be N WPANs satisfying (2), i.e., the WPANs can be
scheduled in the order of their indices without collision. And
let us assume that
N
X
ai

> 1.

(26)

d = max(bi )

(27)

i=1

bi

Consider the duration
i

The schedule of the WPANs has a pattern that repeats every
d units of time. Figure 5 depicts two example scenarios for
three WPANs with the following parameters:
• Scenario 1: W1 (1, 4), W2 (1, 2), and W3 (1, 4) with a
period of d = 4
• Scenario 2: W1 (1, 4), W2 (1, 4), and W3 (2, 8) with a
period of d = 8
During the duration d every WPAN has an integer number
of beacon intervals, hence, during this duration each Wi is
active exactly baii d units of time. Using (26) the sum of all
active times is then
N
X
ai
i=1

bi

d =d

N
X
ai
i=1

bi

> d.

(28)

This means there must have been an overlap of active times
and this is a contradiction as the WPANs cannot be active at
the same time as we assumed there were no collisions. Then
(26) is false, i.e.,
N
X
ai
i=1

bi

≤ 1,

(29)

hence,
∀i, j 1 ≤ i < j ≤ N

j
X
k=i

ak ≤ bi ↑ bj H⇒

N
X
ai
i=1

bi

≤ 1.
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